The association between physical activity (PA) and ambulatory blood pressure (ABP) is documented in adults. This association and factors that may modify it, such as obesity, have not been reported in adolescents. The aims of this study were to determine the association of PA with ABP in 11-to 16-year-old adolescents, and to examine the modifying effects of obesity and other factors.
V
arious factors contribute to regulation of blood pressure (BP), and physical activity (PA) is one of these determinants. In some adults, 1 higher BP levels are observed during PA and lower levels are noted during sleep or relaxation. [2] [3] [4] [5] Studies investigating the association between ambulatory BP (ABP) and PA, reported that PA may explain 0% to 74% of the variability of ABP measurements. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Adiposity may be one of factor affecting the association between ABP measurements and PA. In two studies, obese adults had higher BP and heart rate (HR) values during PA than did those who were not obese. 5, 14 Most published studies have had relatively small sample sizes and included only adult, mostly hypertensive subjects. These studies did not consider the effects of BP internal determinants or the effects of other external ABP determinants such as subjects' mental activity, stress levels, emotional status, locations, and positions.
Many ABP studies in children and adolescents have been published in recent years. [15] [16] [17] [18] [19] However, the relationship of PA to ABP measurements in children and adolescents, and the influence of obesity on this association, have not been reported. Understanding these relationships and identifying their determinants can provide more accurate evaluation and interpretation of ABP measurements.
We have included PA as a covariate in our previous publications investigating the effects of stress, moods, and sexual maturation on ABP in a tri-ethnic sample of ado-lescents 11 to 16 years of age. 20, 21 The purpose of the current study, which was conducted using the same data set, was to explore the associations between PA and ABP in greater detail and to determine whether obesity and other factors (namely, sex, ethnicity, and maturation) modify these associations.
Methods

Study Population
The tri-ethnic target population for the current study was African American (AA), European American (EA), and Hispanic American (HA) adolescents 11 to 16 years of age who were residing in the Houston metropolitan area. The proposed sample of 374 adolescents was accessed through middle and high schools in the Houston Independent School District. The stratified sampling plan considered chronologic age, ethnicity, and sex. Considering the facts that maturation affects BP and that girls enter puberty about 2 years earlier than boys, an attempt to oversample younger girls and older boys was made. The Committee for the Protection of Human Subjects at the University of Texas-Houston approved the study. Adolescents were recruited in general assemblies or mandatory classes. In all, 406 students agreed to participate and had written consent from their parent or guardian. Of these, 32 were dropped from the study, mostly because of incomplete actigraph, diary, or ABP data (60%). Analysis included data from 374 adolescents, including 54% girls, 37.7% AAs, 31.3% HAs, and 31.0% EAs. Almost half (46.6%) of the participants' mothers had 12 years or less of education.
ABP Measurements
The BP was monitored for 24 h on a school day using SpaceLabs ambulatory equipment (model 90207; SpaceLabs Inc., Redmond, WA). The participant was fitted with the appropriate-sized cuff on the nondominant arm. The ABP monitor, an oscillometric device, was calibrated against a mercury sphygmomanometer. Participants were instructed to wear the monitor throughout the 24-h period except during bathing and to keep their arms still while BP measurements were automatically taken every 30 min. If a reading was missed, usually because of excessive arm movement or motor vehicle vibration, a repeat measurement was attempted automatically 2 min later. Data on the 50 th and 95 th percentiles for these readings by sex, height, and sleep/wake status were previously published. 20 In the current analysis, ABP readings during the 24-h, awake, and asleep intervals were used.
Measurement of PA and Awake and Asleep Times
The PA and awake and asleep times during the 24 h monitoring period were determined by two methods: by actigraph use and by diary recordings. Every participant was instructed to wear a mini-logger Actigraph (model 20.000; Ambulatory Monitoring, Inc, Ardley, NY) as a criterion standard to identify the onset and offset of the sleeping periods as determined by the actigraph's software algorithm. The device was worn on the wrist of the nondominant arm and detected motion in three planes as accelerations within the threshold of normal motion of human beings. The data were stored in the device's memory by clock time and calendar date. The time clocks of both the wrist actigraphy and ABP monitoring devices were synchronized together by computer. The units of activity are arbitrary; the actigraph measures the number of times that the pointer of the acceleration sensor in the actigraphy crosses zero during a 1-min period. During the wake period, after each BP measurement all participants were instructed to record their activities, moods, posture, and location in a checklist diary. These data along with readings from the actigraph were used to classify ABP readings as wake time or sleep time measurements.
Location, Position, and Mood Diary
After each BP measurement during the waking hours, participants noted their location (home, school, other), position (standing, sitting, reclining), and mood (angry, excited, happy, stressed, accomplishing things, bored, interested, rushed, irritable, sad, neutral, relaxed) in a checklist diary. The format and the content of the diary were adapted from those used in previous studies. 22, 23 The response format for moods was a yes-or-no checklist. Details on mood, location, and position variables were reported in an earlier publication.
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Physical Examination
Data on height, weight, and sexual maturity using the criteria of Tanner 24 were collected by nurse practitioners on another school day. Sexual maturity was assessed by genital development stage in boys and by breast development stage in girls. Stages 1 to 3 were grou0ped together (as less mature), and stages 4 and 5 were grouped together (as mature).
Body mass index (BMI) was calculated by dividing the subject's weight in kilograms by the height in meters squared. Obesity was defined as BMI Ն 95 th percentile and at risk of obesity was defined as BMI between 85 th and 94 th percentile for specific age and sex according to the Centers for Disease Control and Prevention (CDC) BMI chart for children. 25 For each participant a BMI z-score was computed using the CDC BMI chart for children.
Socioeconomic Data
Information on the educational level of each participant's mother was obtained by interviewing a parent or guardian. The number of years of education for each mother was recorded.
Statistical Analysis
The average ABP measurements and the PA scores for 24-h, asleep, and wake periods were calculated separately for each sex, ethnic, maturation, and obesity group. To compare ABP and PA measurements among these groups, we chose to use a mixed-effects model without including covariates. This method took into consideration of the weighted nature of the observations.
The correlations of ABP measurements with the average PA scores for the 5-, 10-, 15-, 20-, and 25-min intervals before each BP measurement were computed for 24-h and for awake periods. Also, the correlations between ABP measurements and the averages of PA scores of the following intervals preceding the BP measurements were computed for the wake period: 1 to 5, 6 to 10, 11 to 15, 16 to 20, and 21 to 25 min. These correlations were compared to identify the time interval of activities preceding the BP measurement that had the highest correlation with the ABP measurement. The averages of activity scores in the 5-min interval immediately preceding the BP measurements were used in subsequent analyses. Mixed-effects analyses were used for testing relationships of ABP measurements with PA scores. The ABP data (SBP, DBP, and HR) for the 24-h and wake periods were the dependent variables. A two-stage model with each participant as the unit of analysis and each repeated measurement of ABP as the subunit provided a means to deal with an unbalanced data set and lack of statistical independence of multiple measurements on the same individual. In addition to the PA variable, subjects' locations, positions, and moods at the time of each BP were included as within-subject covariates; height, age, and sex-specific BMI z-score, gender, ethnicity, maturation, and mothers' education were included in the models as between-subjects covariates. Finally, interaction effects of activity with BMI z-score, gender, ethnicity, and maturation were tested. Separate analyses were conducted for SBP, DBP, and HR. The SAS statistical package (SAS Institute, Cary, NC) was used in the analyses. In this study we did not perform subgroup analyses to compare the associations between subgroups, such as for obese versus nonobese subjects and for mature versus less mature subjects, to avoid the adverse effects of conducting such analyses as discussed in the literature.
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Results
In Table 1 , the average SBP was consistently higher in boys than in girls and in mature adolescents than in those who were less mature (P Ͻ .0001). The average DBP was significantly lower in adolescents in the HA and EA groups compared with those in the AA group, P Ͻ .001. Average HR was significantly higher in girls compared with boys, in less mature compared with mature adolescents, and in obese compared with nonobese adolescents (P Ͻ .0001). The average activity scores were higher in obese adolescents than in those who were not obese.
All correlations between ABP measurements and activity scores for the 5-, 10-, 15-, 20-, and 25-min intervals preceding the measurements were statistically significant and 24-h ABP measurements had stronger correlations with activity scores compared with those for the awake period (data not shown). By examining the correlations of ABP measurements during the awake period, with PA scores for each 5-min interval separately (ie, 1 to 5, 6 to 10, 11 to 15, 16 to 20, and 21 to 25 min), we noted that the 5-min period immediately preceding the ABP measurements had the highest correlations (Table 2) . Therefore, in the mixed-effects analysis, the average PA scores for the 5-min period immediately preceding the ABP measurements were used. The results of the mixed-effects analyses for 24-h data with the inclusion of the wake/sleep variable as a covariate in the model (data not shown) and that for the awake period (Table 3) were similar. Table 3 shows the mixed-effects models for SBP, DBP, and HR that included main effects and interaction terms. The SBP was significantly associated with PA. A 1-unit increase in PA was associated an increase of 0.017 mm Hg in SBP (P Ͻ .0001). This association was significantly modified by obesity; a 1-unit increase in activity was associated with a smaller increase in SBP (Ϫ0.005 mm Hg, P ϭ .01) when the BMI z-score increased by 1 unit. Also, the association of SBP with activity was affected by subjects' maturation. In the mature group, with 1 unit increase in activity SBP increased 0.007 mm Hg more than it did in the less mature group (P ϭ .01) ( Table 3) .
For DBP, after adjustment for the effect of the covariates that were included in the model, the association between PA and DBP was relatively weaker compared with that for SBP and with 1 unit increase in activity, DBP increased 0.013 mm Hg (P Ͻ 0.0001). This association was significantly affected by obesity; 1 unit increase in activity was associated with less of an increase in DBP (Ϫ0.002, P ϭ .02) when BMI z-score increased by 1 unit.
In regard to the association between HR and PA, HR increased 0.017 beats/min with a 1-unit increase in activity (P Ͻ .0001). This association was modified by maturation and ethnicity. In mature compared with less mature adolescents, a 1-unit increase in activity was associated with more of an increase in HR (0.008, P ϭ .0097). For HA compared with AA adolescents, a 1-unit increase in activity was associated with less of increase in HR (Ϫ0.012, P ϭ .0034) ( Table 3) .
The following covariates were significantly associated with ABP measurements: height, position, location, and maternal education. In addition, most of the mood variables were significant (P Ͻ.05). The magnitude and the direction of the relationships are indicated in Table 3 and are described in a previous publication. 24 
Discussion
The main finding of the present study was that, in adolescents, there were significant associations between ABP mea- AA ϭ African American; At risk ϭ at risk for obesity (BMI Ͼ85 th to Ͻ95 th percentile); DBP ϭ diastolic blood pressure (mm Hg); EA ϭ European American; HA ϭ Hispanic American; HR ϭ heart rate (beats/min); LM ϭ less mature; M ϭ mature; Nonobese (BMI Ͻ85 th percentile); Obese ϭ BMI Ͼ 95 th percentile; PA ϭ physical activity (values given as activity scores); SBP ϭ systolic blood pressure (mm Hg).
Data are given as means with standard deviations in parentheses, except for numbers of subjects in each category of sex, ethnicity, obesity, and maturation, which are absolute numbers of subjects.
* P Ͻ .0001; † P Ͻ .05; ‡ P Ͻ .001.
surements with PA, and obesity and sexual maturation were significant factors in this association. The response of ambulatory SBP and DBP measurements to PA was greater in adolescents with lower BMI z-score compared with those with high BMI z-score and for mature compared with less mature adolescents. Also, HR increased more with PA for the mature compared with the less mature adolescents. The associations between PA and ABP measurements were not affected by sex, and only HR was modified by ethnicity. To our knowledge, this is the first study to investigate the association between PA and ABP in a healthy adolescent population; thus no previous results can be compared with the results of the current study. Studies on adults reported various levels of correlations between BP and PA. In a study that included 27 subjects, most of whom were hypertensive, Cavelaars et al 14 reported significant correlations (range for r ϭ 0.35 to 0.53) between awakeperiod activity and ABP measurements. Based on 35 hypertensive subjects, Mansoor et al 12 reported significant positive correlations between average PA and ABP measurements and coefficients ranged between Ϫ0.18 and 0.67. Leary et al 5 indicated that the variation in PA levels explained only 8% to 11% of the variability in daytime ABP. For hypertensive subjects Hermeda et al 13 reported weak and nonsignificant correlations of PA with both diurnal and nocturnal BP (range for r ϭ 0.005 to 0.139). In another study in 160 subjects, Kario et al 11 concluded that PA during the BP measurements and the preceding 5 min significantly predicted BP during both the sleeping and waking periods. The results of the above-mentioned studies vary greatly, possibly because of differences in the populations, activity-measuring devices, activity time intervals, and data used (ie, diurnal or 24-h data).
The results of the present study indicated that ABP variables react less with PA in obese adolescents than in those who are not obese. This finding can be possibly explained by the change in arterial compliance in obese subjects that leads to decreased or delayed reaction to activity. 27 In addition, obese subjects may have decreased sympathetic and parasympathetic nerve activity, 28, 29 and these abnormalities may cause the blunted response to PA.
A study that included adults only reported that obese subjects had greater reactivity of SBP to PA than did adults who were not obese. 5 Another study in adults reported that overweight had a small effect on the SBP response to activity. 14 The descrepancies between the findings of our study and the others can possibly be explained by differences in the populations studied or by differences in confounding variables that were accounted for in the analysis. The mechanism of effect of the interaction between activity and obesity on ABP variables in adolescents may differ from those in adults.
In this study in adolescents, male subjects and obese subjects had greater BP values, and this finding was consistent with results from other studies. [17] [18] [19] Also, in the present study, nocturnal SBP levels tended to increase along with an increase in BMI, although the differences between subgroups were not statistically significant. One of the possible explanations of this finding might be the autonomic nervous system dysfunction in obese subjects. This finding was not examined in great detail because it was not the focus of this report; future studies are needed to investigate this observation in the adolescent age group.
The present study showed that HR significantly increased with an increase in PA, but this association was not modified by BMI z-score. This finding is not in agreement with other studies, in which HR response to PA was found to be blunted in obese children and adults. 29, 30 There is no clear explanation for our finding; however the effect of dietary behaviors and the level of fitness among the participants was not adjusted in our study, and this may contribute to our finding.
There are several strengths of present study. The study included adolescents, a population that had not been included in previous studies of ABP and activity. It is a relatively large sample and was drawn from a tri-ethnic population. This study also included several variables that influence BP measurements: biological sex, ethnicity, height, sexual maturation, socioeconomic status as determined by maternal education, and subjects' moods, position, and location at the time of each BP measurement. The associations of these variables with ABP measurements have previously been discussed, 21 and including these variables in the multivariate analyses adjusted for their possible confounding effects in the present study.
There were several limitations to the present study. The study population was not a representative sample of the population in the United States overall, so findings should be generalized with caution. This study lacked data on neurohormonal activity that may affect BP and HR and on participants' level of fitness that may affect the response of ABP measurements to PA. It is possible that use of the actigraph on the nondominant wrist may underestimate the true degree of PA, as it may not have detected dominant arm, trunk, or lower extremity movements. Also, this monitor weights approximately 350 g, and its weight could Abbreviations as in Table 1 . P Ͻ.01 for all correlations. All correlations of the time interval 0 -5 are significantly higher than those for the subsequent time intervals at P Ͻ.05 (using Fisher s z test for comparing r). affect participants' activities. The study protocol required the students to record their activities every 30 min, and that may have influenced their daily activity. In addition there are other limitations to use the actigraph, such as not being able to measure static activities or to differentiate between external movements such as during riding a vehicle and actual body movements. However the diary was provided in the form of a checklist that required minimal effort and time to complete. In conclusion, it may seem intuitive that increases in PA would be associated with increases in ABP measurements. However, this study in adolescents showed that such an association was not universal and that it varied among individuals. The associations of SBP and DBP with PA were found to be stronger in adolescents with lower BMI z-scores and among those with greater sexual maturity. The association of HR with activity was stronger for adolescents of AA ethnicity and greater sexual maturity. Although these findings are statistically significant, their clinical importance should be carefully evaluated. In children and adolescents, although normal ranges of BP are determined by sex, age, and body size, 31 other factors such as PA should be considered. Understanding the associations between PA and ABP measurements and identifying factors that may influence these associations, such as obesity and sexual maturation, may improve the interpretation of ABP measurements. Future studies are needed to confirm our findings and to investigate the relative contributions of these and other factors.
